t Enhancement of chlamydial infection of cell monolayers by centrifugation was shown to depend on induced cell surface changes. Evidence for this came from analysis of two forms of organism attachment which take place during centrifugation. In 'productive binding', organisms attached to cells and then entered and infected them. In 'unproductive binding', organisms became attached to cells but were not ingested. These organisms could be stripped from the cells by treatment with trypsin and could then infect fresh monolayers.
INTRODUCTION
Mechanisms of particle endocytosis by ' professional' and ' non-professional ' or ' facultative' phagocytes (Silverstein et al., 1977) are of considerable importance in relation to microbial penetration of epithelial surfaces. A special case of this general phenomenon is the greatly increased attachment and enhanced infection resulting from centrifugation, at 1000 to 2000g, of viruses or chlamydiae with cell monolayers. The enhancement has been attributed to increased collisions resulting from sedimentation (Osborn & Walker, 1968 ), but it is now clear that, at the low centrifugal forces shown to be effective, sedimentation cannot be a significant factor for the smaller viruses (Bryden et al., 1977) .
Using Chlamydia psittaci, strain ' guinea pig inclusion conjunctivitis ' (GP-IC), we have previously shown that attachment and infection are not invariable consequences of centrifugation but are also dependent on cell surface properties which can be modulated by cell growth in different sera . Three observations indicate that organismcell surface interactions during centrifugation may differ from those in spontaneous (static cell) infection. First, antibody can block spontaneous infection but the inhibition is overcome by centrifugation . Second, at 4 "C attachment is greatly reduced in centrifuge-assisted infection (Griffiths et al., 1976) but unimpaired in spontaneous infection (unpublished) . Third, there is a correlation between the increased pressure generated during centrifuging and the enhancement of infection. Maximum infection could be achieved on centrifugation at 6 9 g by layering immiscible fluid above the inoculum to act as a fluid piston during centrifuging . The low 0022-1287/79/00Oe8292 $02.00 @ 1979 SGM centrifugal force rules out sedimentation as a factor in chlamydial enhancement; the pressure effect would seem more likely to be expressed on the deformable cell surface than on the rigid-walled chlamydial particle suggesting that some form of centrifugation-induGed cell response facilitates infection.
We present here evidence that centrifugation induces cell surface changes affecting susceptibility to infection and show that successive, transient cell states develop which affect both organism attachment and ingestion.
METHODS
Organism. The guinea pig inclusion conjunctivitis strain (GP-IC) of Chlamydia psittaci was grown in eggs and harvested as previously described (Griffiths et al., 1976) . Organisms were purified using Renografin-76 (E. R. Squibb and Sons, New York, U.S.A.) by the batch procedure of Howard et al. (1974) .
CeZl culture and monolayer preparation. McCoy cells were cultured in growth medium supplemented with 5 % (v/v) foetal bovine serum (FBS), irradiated, and monolayers were prepared on coverslips . Infectivity titration on cell monolayers. In all experiments, irradiated cells were infected 4 or 5 d after seeding of monolayers. Strain GP-IC was inoculated on to monolayers at doses sufficient to infect up to 10 % of cells and titrated for infectivity (Griffiths et al., 1976) by centrifuging with monolayers at 1580g
and 37 "C for 60 min, unless otherwise stated; 2500 cells from each of four replicate monolayers were examined microscopically for infected cells.
In certain experiments it was found that, after centrifugation, the number of infected cells in monolayers was increased by cold shock and recentrifugation. Briefly, after centrifugation and removal of supernatants, monolayers were cold-shocked by rinsing with diluent [Hanks' balanced salts solution (HBSS) with 5 % (v/v) FBS] at 0 "C; diluent warmed to 37 "C was then added and the monolayers were recentrifuged. Inoculated control monolayers, rinsed with diluent at 37 "C, showed no increase in titre after recentrifuging.
Titration of extracellular, cell-attached organism infectivity. Cell-attached organisms were detected after centrifuging the inoculum with monolayers. They were titrated as follows. Monolayers were treated for 5 min with trypsin [0.2 ml per rinsed coverslip, type XI1 trypsin (Sigma), at 20 pg ml-l] and then an equal volume of HBSS with 10 % (v/v) FBS was added. The resulting suspension of detached cells and stripped organisms was centrifuged at l O O g for 5 min. The supernatant, containing the stripped extracellular organisms, was titrated for infectivity by centrifugation with fresh monolayers. The cell pellet (containing intracellular infective organisms) did not show significant cell damage as judged by dye exclusion; the pellet was resuspended in Eagle's minimum essential medium with 5 % (v/v) FBS, pipetted on to coverslips and, after reattachment of cells, incubated for inclusion development by intracellular organisms. About 80 to 90 % of the cells treated with trypsin were recovered and reattached to coverslips; infectivity titres are corrected for this reduction.
Delayed inoculation of monolayers during centrifuging. In certain experiments the technique of ' delayed inoculation ' was applied, by which organisms were introduced to monolayers at intervals after the centrifuge had been set in motion. For this purpose, the centrifuge was modified to allow the passage of inoculum through flexible plastic tubing carefully positioned at the centre of the rotor. The tubing ran out to a swinging bucket carrying a bottle with monolayer. At speed, the open end of the tubing at the centre of rotation was stationary in cross-section when viewed from above and the inoculum was readily introduced by hypodermic syringe. Control monolayers inoculated by this means immediately after the centrifuge had reached full speed gave infectivities identical with conventionally inoculated monolayers.
RESULTS

Productive and unproductive binding
During centrifuge-assisted infection strain GP-IC showed two kinds of attachment to cell monolayers. In the first, 'productive binding', organisms attached to cells and then entered and infected them; this gave the infectivity which is normally measured by the procedure (Table 1 a) . In the second, 'unproductive binding', organisms attached to cells but were not ingested. Their presence could be demonstrated by treating the monolayer with trypsin (which stripped off extracellular organisms) and titrating the trypsin supernatant on fresh monolayers [ 
organisms after centrgugation with monolayers
Strain GP-IC inoculum was titrated for infectivity by centrifugation with monolayers of McCoy cells for 60min; other titres are expressed relative to this value. Monolayers that had been centrifuged with organisms at the same time were rinsed and treated with trypsin to remove extracellular (unproductively bound) organisms. The resulting suspension of detached cells and stripped organisms was centrifuged at 1 O O g for 5 min. The trypsin supernatant (extracellular organisms) was titrated for infectivity on fresh monolayers. The cell pellet was resuspended, the cells were allowed to reattach to coverslips and incubated for development of inclusions from intracellular, productively bound organisms (titres are corrected for the small proportion of cells which failed to reattach).
Treatment of monolayers after
Relative infectivity addition of organisms titre Infectivity could be increased if monolayers were cold-shocked and recentrifuged after the initial centrifuge-assisted infection ( Table 2a ). Analysis showed that this procedure increased infectivity as a result of entry and infection of previously unproductively bound organisms. Thus, after cold shock and recentrifugation all infectivity was associated with the cells and none could be stripped by trypsin and released into supernatants [ , O) , monolayers, after removal of supernatants, were incubated for development of inclusions. After centrifuging for between 30 and 120 min, replicate monolayers were examined for cold shock-enhanced infection (productive and unproductive binding, a), after removal of supernatants, by cold shock and recentrifugation (see Methods); the supernatants were titrated for infectivity (A) on fresh monolayers by centrifugation for 60 min, cold shock and recentrifugation. All infectivities are expressed as a percentage of the inoculum infectivity summed from that detected at 60 min in cold shock-enhanced infection and that in the corresponding supernatant; results are the mean, k s.D., of four replicates.
Kinetics of productive and unproductive binding
Examination of the kinetics of these two forms of attachment provided clear evidence of cell surface changes during centrifugation. Monolayers were inoculated to produce 5 to 10 % infected cells and sampled at intervals during centrifugation. Attachment was rapid during the first 20 min of centrifuging (Fig. 1, normal infection) . Replicate monolayers taken at later times were, after removal of the supernatants, either incubated for development of infected cells arising from productive binding (Fig. 1, normal infection) or coldshocked, recentrifuged and incubated for development of infected cells arising from both productive and unproductive binding- (Fig. 1, cold shock-enhanced infection) . In parallel, the supernatants were titrated for residual infectivity on fresh monolayers, using cold shock enhancement to maximize infectivity detection. Comparison of the two infection curves shows that productive and unproductive binding took place sequentially and not simultaneously. Thus, over the first 30 min binding was solely productive. By this time cells appeared to have entered into a refractory state during which no attachment occurred although many organisms were present in the supernatants. At about 45min, further attachment took place indicating the appearance of a new cell state. This latter was evidently different from-the initial state developing after the onset of centrifugation since wholly unproductive binding occurred (Fig. 1) . (a, c, d, e ), monolayers were inoculated and centrifuged as before; the rest periods between centrifugation runs were approx. 2 min. In treatment (b), organisms were introduced to monolayers 20 rnin after the centrifuge had reached full speed (see Methods).
Treatment of monolayers
Relative infectivity titre Eflect of inoculation of monolayers during centrifuging To show that the refractory and unproductive binding states developed independently of the presence of organisms, we devised the technique of 'delayed inoculation' whereby organisms could be introduced to monolayers which were already being centrifuged. After 20 min centrifugation, cell monolayers (presumed to be in the refractory state) received inoculum which was allowed to remain for 40min. There was a 10-fold reduction in infection resulting from entry of cells into the refractory and, subsequently, the unproductive binding state (Table 3a and b) . Additional experiments (Table 3c and d ) indicated that the induced states were reversible. Monolayers brought to rest after 60 min centrifugation and then recentrifuged showed the same susceptibility to infection as virgin monolayers. It thus became possible to demonstrate both reversibility of the cell states appearing during centrifugation and lack of heterogeneity among the organism or cell population which could have resulted in preferential interaction during productive binding. Organisms unattached after 20 min centrifugation were capable of productive binding to residual cells when monolayers were brought to rest and then, without removing the supernatants, recentrifuged for 20 min (Table 3 e ). It appeared, therefore, that organisms remained in supernatants after the first 20 min centrifugation not because they or the cell population were inherently incapable of interaction but because the rate of cell change to the refractory state was greater than the rate of organism attachment.
DISCUSSION
How centrifugation affects cell surface structures is not known. The compressive effects of pressure and directional force exerted by centrifuging may induce their movement. Equally, sedimentation of intracellular structures might indirectly affect membrane receptors via cytoskeletal linkages. The successive, transient nature of the changes is suggestive of an elastic response which might recur during prolonged centrifugation.
The nature of the organism attachment mediated by centrifugation is unknown. Sialic acid-containing receptors have been reported for C. trachomatis in spontaneous infection of cell monolayers (Kuo et al., 1973) . These workers attributed the generally poor attachment of organisms to a weak repulsive negative charge on the cell surface which could be neutralized by DEAE-dextran. Centrifugation, by inducing cell surface changes, may have an equivalent, if more powerful, effect. It may, however, generate a wholly non-specific interaction, as suggested by its ability to overcome antibody neutralization of receptormediated spontaneous infection.
The phenomenon of unproductive binding and its conversion to productive infection is puzzling, whatever the mode of attachment. A possible explanation is provided by the 'zipper' hypothesis which Griffin et al. (1975) put forward to account for particle attachment, without uptake, by 'professional' phagocytes. In their model, attached particles are ingested only if sequential, circumferential interactions between particle and plasma membrane can occur over the whole particle. surface. Thus, unproductively bound chlamydiae would be irreversibly attached but not ingested because of incomplete circumferential binding through lack of 'receptors' in their vicinity. The inability of rest and recentrifugation of monolayers to cause entry of organisms, given the inherent reversibility of the induced states, indicates that attached organisms must in some way constrain surface structures so that a productive binding state cannot be restored. The cold shock effect (which does not release attached organisms) implies a role for cellular components in the constraintpossibly cytoskeletal structures in view of their influence on receptor movement (Nicolson, 1976) . Microtubules appear especially sensitive to cold shock (Olmsted, 1977) . If these control surface components in the unproductive binding state, then their depolymerization could permit resumption of the productive binding state on recentrifugation, without the need for organism detachment.
The transient cell states that we have demonstrated during infection by the GP-IC strain of C. psittaci may not necessarily affect infection by other organisms. However, preliminary studies with a strain of C. trachomatis, the more important species in human disease, show behaviour similar to GP-IC (unpublished) . Conventional application of the centrifugation technique in clinical isolation work may therefore significantly underestimate the organisms present. Perhaps of greater concern is the increasing use of centrifugation to explore organism-cell interactions in vitro as models for infection in vivo. Here it will be important to assess, in future work, how far centrifugation distorts the mechanisms which, in spontaneous infection, determine attachment, ingestion and the intracellular fate of organisms in animal hosts.
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